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Abstract 
The blood velocity can be estimated by finding the shift in po- 
sition of the blood scatterers between subsequent ultrasonic 
pulse emissions through cross-correlation of the received RF  
signals. Usually only the velocity component along the beam 
direction is found. It was shown in a previous paper that the 
complete velocity vector can be found, if the received signals 
are focused along lines parallel to the direction of the blood 
flow [I]. A fairly broad beam is emitted in the approach, and 
this gives rise to a widening in the profiles of the estimated 
velocity. To reduce this effect, a focused ultrasound emis- 
sion is used in this study to decrease the size of the beam. 
The transverse beam lines are then constructed by using fil- 
ters matched to the response of the individual channels. The 
filters matched to the points on the focusing lines are obtained 
by considering the field response of the employed array trans- 
ducer. 
The effect of the processing is studied through simulations 
with the Field I1 program. A @-elements linear array with 
a center frequency of 3 MHz, pitch of 0.3 mm, and element 
height of 5 mm is used in the simulations. A parabolic veloc- 
ity profile is considered for different angles between the flow 
and the ultrasound beam (30, 45, 60, and 90 degrees). The 
parabolic flow has a peak velocity of 0.5 m/s and the pulse 
repetition frequency is 3.5 kHz. Simulating twenty emissions 
and calculating the cross-correlation using four pulse-echo 
lines for each estimate, the parabolic flow profile is found 
with a standard deviation of 0.014 d s  at 45 degrees (corre- 
sponding to an accuracy of 2.8 %) and 0.022 d s  (correspond- 
ing to an accuracy of 4.4 %) at 90 degrees, which is transverse 
to the ultrasound beam. With the approach used in [ 11, accu- 
racies of 12.6 % and 14.0 %, respectively, are obtained in the 
corresponding situations. 
1 Introduction 
Blood velocity estimation in medical ultrasound systems is 
made by emitting successive ultrasonic pulses and finding the 
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shift in position of the blood scatterers between two consec- 
utive pulses. The shift in position can be determined either 
by the phase shift between RF signals, or, alternatively, by 
cross-correlating the received RF signals and estimating the 
position of the peak in the cross-correlation, which provides 
the displacement and thereby the velocity [2]. 
Current commercial systems for blood velocity estimation 
only find the axial component of the velocity vector, i.e. in 
the direction perpendicular to the transducer surface. How- 
ever, many vessels lie approximately parallel to the skin sur- 
face, and the main contribution to the velocity vector is the 
transverse component. Estimators able to provide the entire 
velocity vector are, thus, needed. 
A possible scheme to attain this goal is to use two trans- 
ducer arrays, or a single large array, in order to beamform in 
two different directions along which estimates of the velocity 
components can be found. The velocity vector is then calcu- 
lated through a triangulation scheme [3]. The problem with 
this approach is that a small angle between the beams at large 
depths results in a high variance on the estimate. 
Another method is speckle tracking [4] by means of two- 
dimensional cross-correlation, but the method is slow due to 
the necessity of acquiring two consecutive images. Moreover, 
averaging is not feasible and erroneous velocities can result as 
a consequence of false maxima in the correlation function. 
A promising approach is the introduction of transverse 
beam modulation to detect the transverse velocity component, 
which has been studied in [5,6, 71. 
In [8], Bonnefous introduced the idea of forming beams 
parallel to the propagation axis to produce a transverse signal 
from which the transverse velocity can be found. This ap- 
proach was extended in [ 11, where the beamforming is done 
in reception at a number of points along the direction of the 
flow vector. These focusing lines are tilted according to the 
transducer-flow angle, and a velocity distribution can be de- 
tected in this way, with each focusing line following scatterers 
with a unique velocity. A fairly broad beam is emitted in this 
approach, and this results in a broadening in the profile of the 
estimated velocity. 
In this paper the focusing lines along the direction of the 
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Individual traces flow are not created through delay and sum beamforming, but 
by applying filters matched to the response of the individual 
channels, with a different filter for each point in the focusing 
lines. In this way, the entire transmit-receive process is taken 
into account, and the problem connected with the use of a a 26 2 6 5  27 27 5 26 2 8 5  29 2 9 5  30 
broad beam in transmission is overcome. 
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2 Matched filter focusing 
Traditional focusing is performed by aligning the responses 
from the different elements in time, scaling them by an 
apodization value, and then summing all the responses. This 
does not take into account that responses from different ele- 
ments have different waveforms and, thus, does not make an 
optimized processing of the received signals. 
The first step in making an improved focusing is to have a 
physical understanding of the formation of the received volt- 
age traces. The received voltage trace (RF signal) v,(72,t) 
can be written as [9]: 
L 
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Figure 1 : Received signals from the individual elements of a 
linear array transducer with 16 elements. 
vr(72,t) = vpe(t)  : (1) where u, denotes the apodization and A, the emit focusing de- 
lay. Ne is the number of transducer elements. During receive 
h,. is the impulse response for a single element. Equation (2) 
describes how a single element voltage trace is constructed, l, [y - 31co h,,(71,72.r)d371, 
where 72 denotes the position of the transducer, po and co 
are the mean density and speed of sound of the medium, 
and v p r ( t )  is the pulse-echo wavelet, which includes both the 
transducer excitation and the electro-mechanical impulse re- 
sponse during emission and reception of the pulse. The scat- 
tering of the signal originates from the density perturbations 
Ap(71) and speed of sound perturbations Ac(7l) in the tissue 
at the location designated by 71. The scattering terms are con- 
volved with the spatial pulse-echo impulse response of the 
transducer designated by hPe(71 ,72,t), which describes how 
the echoes from the individual point scatterers are weighted 
and filtered by the transducer. The received signal is con- 
structed by a spatial convolution, which sums up the contri- 
butions from all the point scatterers, as shown by the integral 
in the equation. 
The measured signal from a point scatterer is, thus, 
smoothed in time by vpe( t )  and in time and space by 
hpc(7l,72,f), which describes the spatial extent of the point 
spread function. The pulse-echo spatial impulse response h,, 
consists of two terms, that describe the impulse response dur- 
ing transmission hf(71,72,t) and reception hr(72,71 ,t), which 
can be different. This is often the case for a multi-element 
transducer, where h, consists of a sum of spatial impulse re- 
sponses for the individual elements that are amplitude scaled 
(apodized) and delayed to form the emit focus. The combined 
spatial impulse response is 
N, 
and this signal is then passed through the beamformer with 
the other element signals to dynamically delay and thereby 
focus the beam in receive. An example of such responses can 
be seen on Fig. 1 .  The top graph shows the individual traces 
from the single elements of an array transducer with 16 el- 
ements, when the transmit focus is at 40 mm and the point 
scatterer is placed 20 mm from the array on its center axis. 
Both start time and signal shapes vary as a function of ele- 
ment number. A direct summation of the signals is shown in 
the middle graph and a proper focusing at the point of interest 
(20 mm) is shown in the lower figure. The focusing signifi- 
cantly increases the peak amplitude of the response. 
From Fig. 2 it can also be seen that a mere alignment of 
the individual responses is not sufficient to add all parts of 
the signals in phase. The figure shows the delayed responses 
received on the center element and on the edge element of 
the array. The waveform changes as a function of relative 
position, and the responses are therefore not necessarily in 
phase, and a delayed response can even subtract instead of 
add to the focused response. This is a consequence of the 
spatial and temporal variation of h,,. 
Proper focusing, thus, needs to address both the distance 
from the elements to the scattering point through the delay 
and the actual shape of the response. Ideally each part of the 
wave should be delayed individually and summed individu- 
ally to constructively add to the other element signals. This 
entails filtering each of the element signals with a filter, that is 
dependent on the position of the element and on the position 
of the focal point. 
1526 - 2000 IEEE ULTRASONICS SYMPOSIUM 
i 
0 0 5  1 1 5  2 2 5  3 35 4 
AIlgned lime [p] 
Figure 2: Received signals from the center (solid line) and 
last element (dashed line) of a linear array transducer with 16 
elements, when they are delayed according to their distance 
to the point scatterer. The last response is multiplied by a 
factor of 5. 
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Time C’] One option to use on the signals is a matched filter. This fil- 
2.1 Spatial matched filter 
The signal from each channel of an array should be processed 
to align its output with that from the other channels. The re- 
ceived element signals are dependent on the element location 
and the scatterer’s position, and a new matched filter must be 
used depending on the element and on the scatterer’s position. 
The matched filter hp(71 ,7z7!2,t) is then given by: 
hp(71,72!2,f) = pr(717727 -t) (3) 
pr(717h,r) = v p r ( t )  * hf(7176,r) * hr(72,7l,f)> 
1 t 
which is dependent on the transmitter location 71, the receiver 
element location 72, and the electro-mechanical impulse re- 
sponse of the transducer vpe(t). The focusing is then per- 
formed by adding the processed signals from all the elements 
for the different locations in the image as 
where i designates the point in the image, j is the element 
number of the transducer, ti, is the start of the response, and 
AT, is the duration of the matched filter. The convolution 
integral in the equation is replaced by a correlation, since the 
time reversal of the response is canceled by the time reversal 
in the convolution. 
An example of processed signals can be seen in Fig. 3, 
where the alignment of the main responses is clearly seen. It 
can also be seen how responses further away from point scat- 
terer are severely attenuated due to the filters, which shows 
how apodization is automatically handled by the approach. 
All the responses have the characteristics of an autocorre- 
lation function, due to the matched filter, which essentially 
amounts to a correlation with the assumed response (see Eqn. 
(4)). 
It should be noticed that (4) can be used for any image 
point, and that it is only necessary to process the points in 
the image, that must be displayed on the screen. The ap- 
proach does not put any restrictions on the transducer geome- 
try, excitation, or impulse response, and can be used for both 
multi-element arrays and single element transducers, as long 
as the single element is moved compared to the scattering 
points during the imaging process in e.g. a polar scan. It can 
also be employed in a transverse beam formation for velocity 
estimation. 
The approach improves on the focusing, if the pulse-echo 
spatial impulse responses are significantly different from a 
delta function. Normal delay focusing assumes that the geo- 
metric impulse response of the transducer is a delta function, 
and that the alignment can then be done by merely delaying 
the responses. This is appropriate in the far-field for small el- 
ement arrays and at the focus for single element transducers. 
The method will, thus, give the largest improvement in the 
near field, where long spatial impulse responses are found. 
3 Velocity estimation 
The filtering procedure described in the previous section is 
applied for points on focusing lines along the direction of 
the flow. The situation is depicted in Fig. 4, where the lat- 
eral beams have to track scatterers with a parabolic velocity 
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Table 1 : Simulation parameters. 
by dividing the estimated shift in position 6 by the time be- 
tween pulses 
~ AI ii, 
(9) v =  -. 
TPf 
The procedure can be repeated for several emissions, and av- 
eraging the cross-correlation (assumed to be nearly constant 
Figure 4: Focusing lines to obtain the lateral focusing lines Over a number of emissions) can improve the accuracy and 
for a laminar velocity profile. reliability of the estimates. 
profile. A signal denoted R,,[i], which is the discrete ver- 
sion of rs,,,(Fj), is obtained for an ultrasonic pulse emitted at 
time mTpd, where TPd is the reciprocal of the pulse repetition 
frequency, and rn is an integer indicating the emission num- 
ber. The distance traveled by a scatterer in the time between 
two consecutive pulses can then be found through the cross- 
correlation of two successive signals RS1 [i] and Rs2[i]: 
where L is the number of points in the lateral beam. The 
signal value Rs2[i + n] is ideally equal to the signal value 
R,1 [ i  + n - n,], where the shift of n,y samples accounts for the 
movement of the scatterers between pulses. It is 
I JI TPrf n, = -
A1 ' 
4 Results 
The performance of the proposed method has been tested 
through numerical simulations made with the Field I1 pro- 
gram [ 1 11. A 3 MHz linear array transducer model consisting 
of 64 elements with a pitch of 0.3 mm and height of 5 mm 
has been used to simulate the transmit and receive fields. The 
beam in transmission is not focused in the first example, and a 
Hanning apodization shades the aperture in transmission. In 
reception, the processing described in the previous sections 
is applied. The blood flow has been simulated by shifting a 
group of scatterers contained in  a vessel of radius 5 mm be- 
tween successive emissions. The vessel contains 5,400 point 
scatterers and its center is 30 mm from the transducer sur- 
face. A parabolic velocity profile, with a maximum velocity 
of 0.5 m/s at the center of the vessel, has been simulated. 
Different angles between the vessel and the beam have been 
considered (30,45, 60 and 90 degrees). The pulse repetition 
frequency fprf is 3.5 kHz. Twenty emissions have been sim- 
ulated (NemlsslOns), and the cross-correlation is calculated for 
four pulse-echo lines (Naver). The sampling interval over the 
where A1 is the distance between two points on the lateral 
beam. The cross-correlation in (5) is then 
. -  
lateral beams A1 is 0.01 mm and the distance Ab between the 
lateral beams is 0.1 mm. The parameters used in the simula- 
tions are summarized in Table 1. 
l L  
L i=l 
Cn[n] = - XR~i [ i ]R , i [ i+n-  n,] = Cii[n-nS], (7) 
where Cll[n] is the autocorrelation function of R,l[i]. The 
peak position in the autocorrelation function is an indication 
of the shift in position of the scatterers, since it occurs at n = 
n, 
(8) 
and the estimated shift in position is r, = AI is. To improve 
the velocity resolution, A, can be substituted by an interpo- 
lated value. In the present work, the interpolation was done 
by fitting a parabola to the cross-correlation function around 
the maximum [lo]. Finally, the estimated velocity is obtained 
maxn(C1 1 [. -4) = c1 I [O] = C12[4], 
Table 2 shows the relative mean and standard deviation of 
the difference between the true profile and the estimated one 
obtained with the proposed approach and with the one de- 
scribed in [ l] .  The angle for the flow has been preset to the 
correct value and is currently not estimated by the approach. 
Beam-flow angles of 30, 45, 60 and 90 degrees have been 
simulated. An unfocused transmit beam has been used, and it 
is seen how the new approach in general gives a reduction by 
a factor 4.5 to 3.2 in the standard deviation. 
Examples of velocity estimates for 8 = 45" and 8 = 90" 
are given in Figs. 5 and 6. A slightly worse result is seen 
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for focused emission, which has an improved signal to noise 
ratio because of the focused emission. 
Table 3 shows the results, when a focused emitted field is 
used. A significantly higher energy is then present at the ves- 
sel. The table shows the percent deviation from the true pro- 
file. It can be seen that the error increases, when the focus 
is close to the vessel for a purely transverse flow, but that it 
never exceeds 1 1 % even at 90 degrees. 
It can be seen that the differences of the values in Tables 2 
and 3 are very small except for the case of purely transverse 
flow (e = 90"). To clarify this point, a curve of the relative 
standard deviation of the difference between the true profile 
and the estimated one as a function of the emit focus distance 
is shown in Fig. 7 for the case of a transverse flow. The graph 
has been made by estimating the blood velocity over a range 
of 2 mm around the center of the vessel. For this reason, the 
values given for the standard deviation are not directly com- 
parable with those provided in the tables, but they give an 
idea of the relative influence of the emit focus in the estima- 
tion. Since the transition distance from near to far field for 
the array used in the simulations is at z = 127 mm, the part 
of the curve that is beyond this value gives information about 
the performance for an unfocused transmit beam. 
5 Conclusions 
A post-processing approach to focus lateral beams has been 
presented. The lateral beams track a distribution of scatterers 
in order to find their velocities. It has been shown that by 
giving the beam-flow angle as an input, relative accuracies 
within 4%, when using four pulse emissions, can be achieved 
for unfocused fields and less than 11 % for focused fields. 
The new approach makes it possible to use focused fields, 
and gives an increase in performance by a factor of 3 to 4 
compared to the focusing approach used in [ 11. 
- 
30 
4.8 
24.2 
3.4 
15.2 
- 
- 
45 
3.6 
15.8 
2.8 
12.6 
- 
- 
60 
3.8 
15.2 
3.4 
14.4 
- 
~ 
- 
90 
2.8 
10.0 
4.4 
14.0 
- 
~ 
Table 2: Relative mean and standard deviations of the dif- 
ferences between the true profiles and the estimated ones ob- 
tained with the proposed approach and with the one described 
in [ l ] .  An angle of 90 degrees corresponds to a purely trans- 
verse flow. 
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Figure 5: Estimated velocity profiles for 8 = 45" for unfo- 
cused emission (top) and focused emission at 30 mm (bot- 
tom). The dashed line indicates the true velocity profile, the 
continuous line the mean of the estimates and the dotted lines 
are the mean f one standard deviation. 
Figure 6: The same as Fig. 5 (top), but for 8 = 90". 
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Table 3: Relative mean and standard deviation of the differ- 
ence between the true profile and the estimated one obtained 
with a focused emitted field. 
Transmit focus [mrn] 
Figure 7: Relative standard deviation of the difference be- 
tween the true velocity profile and the estimated one, obtained 
with the proposed approach, as a function of the transmit fo- 
cus distance. 
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